Abstract: The effects of treatment with trientine, a specific copper-chelating agent, on the accumulation of copper and induction of DNA strand breaks were investigated in Long-
Introduction
An inbred strain of the Long-Evans Cinnamon (LEC) rat was established as a mutant strain that spontaneously develops fulminant hepatitis associated with severe jaundice at about 4 months of age [27] . The LEC rat has a mutation in a gene homologous to the human Wilson's disease gene, ATP7B [1] . A defect in the final product (Cu-binding P-type ATPase) of the gene, Atp7b [19, 23, 28, 42] , results in abnormal cop-per metabolism, which is characterized by hepatic copper accumulation in LEC rats [16, 17] . Therefore, LEC rats provide a useful experimental model for human Wilson's disease [41] . The ATP7B gene is expressed predominantly in the liver and kidney, with minor expression in the brain, lung and placenta [25] . Therefore, it is thought that mutation of ATP7B gene may induce an abnormality of copper metabolism in the kidney. Indeed, patients with Wilson's disease are known to develop renal dysfunction [15] . Increased Cu levels [36] and tissue damage [35] were shown in LEC rat kidneys. It has also been reported that the incidence of renal cell tumors increases with advance of age in LEC rats [9, 12] .
It is well known that copper can efficiently produce reactive oxygen species (ROS) [11, 34] . ROS induce several types of DNA damage, such as base alteration and DNA strand breaks [11, 37, 44] . It has been reported that the amount of 8-hydroxydeoxyguanosine (oh 8 dG) in DNA, a marker of ROS-derived DNA damage, was increased in the kidneys of LEC rats at 15 weeks of age compared with LEC rats at 5 and 10 weeks of age and was 1.9-fold higher than in control rats [43] . Although it is thought that copper that accumulates in the liver is released from severely damaged hepatocytes into the blood and deposited in other organs, including the kidney [25] , it is not known whether induction of DNA damage in LEC rat renal cells is dependent on occurrence of hepatic injury.
Therapy for Wilson's disease is based on administration of Cu chelators such as D-penicillamine and triethylenetetramine dihydrochloride (trientine) or competitors such as Zn [25] . Leu et al. [15] reported that D-penicillamine therapy improves renal function of Wilson's disease patients. Santon et al. [26] reported that Zn treatment might provide cellular protection against Cu toxicity in LEC rat kidneys. Kitaura et al. [12] reported that long-term treatment with D-penicillamine inhibits the development of karyomegaly of proximal tubules and dilated atypical tubules in LEC rats. Trientine has been thought to be an effective medicinal copper-chelating agent for patients with Wilson's disease [5, 31, [38] [39] [40] . However, the copper levels and DNA damage in the kidneys of trientinetreated LEC rats remain unclear.
In the present study, we examined the effects of treatment with trientine on renal copper accumulation and induction of DNA strand breaks in renal cells of LEC rats by an alkaline single-cell gel electrophoresis assay (comet assay).
Materials and Methods

Rats
Inbred strains of LEC and WKAH/Hkm (WKAH) rats were obtained from Charles River Japan Inc. and the Institute for Animal Experimentation, School of Medicine, Hokkaido University, respectively. LEC rats were bred in our breeding facility. All research protocols were approved by the Animal Research Committee of the School of Veterinary Medicine, Rakuno Gakuen University. The rats were housed at a temperature of 25 ± 2°C and exposed to a daily cycle of 14 h light and 10 h darkness. A solid diet (MF-Food, Oriental Yeast Co. Ltd.) and water were provided ad libitum. Fifty male LEC and 30 male WKAH rats were used in the present study. Although Long-Evans Agouti (LEA) strain rats have been established as a sibling strain of LEC rats, LEA rats show some genetical abnormalities such as occurrence of diabetes mellitus (N. Kasai, Tohoku University, personal communications). So we used WKAH rats as controls. Trientine (Sigma-Aldrich Co.) was administered orally to 20 LEC and 10 WKAH rats from 10 to 18 weeks of age at a dosage of 500 mg/ kg twice a week. Treatment with trientine was started at 10 weeks of age as described previously [8] . Under the conditions of administration with trientine used in the present study, acute or subacute toxicity was not observed (data not shown).
Three to four rats were sacrificed under diethyl ether at each week of age as indicated in the results. The kidney was quickly removed and washed repeatedly in saline solution. Fresh samples were used for a comet assay and preparation for the S-100 fraction as described below. Samples for measurements of copper and iron, and metallothionein contents were frozen with liquid nitrogen and stored at -80°C until used.
Isolation of single cell preparations from the rat kidney
Single cells from the rat kidney were prepared as described previously [29] . Briefly, small pieces of freshly resected rat renal cortex and renal inner medulla were homogenized in ice-cold homogenizing buffer (75 mM NaCl, 24 mM EDTA, pH 7.0) and centrifuged at 1,000 X g for 5 min. The pellets were washed twice with icecold homogenizing buffer and resuspended in a small volume of ice-cold homogenizing buffer.
Comet assay
The comet assay was performed basically according to the method of Singh et al. [32] under alkaline conditions with some modifications [7, 8] . DNA strand breaks measured by this assay are expressed as "tail momentum", which is the product of the fraction of DNA that has exited the nucleus multiplied by the distance migrated. Comet images were analyzed using the program Comet 5000 (Dig-it! Co.). Generally, 100 images per slide were analyzed, and the average length of tail momentum was determined. The proportion of cells without tails in the comet images was normalized in such a way that the percentage of WKAH rat cells without tails at 4 weeks of age was 100%. The tail momentum of the comet images was also normalized in such a way that the tail momentum of WKAH rat cells at 4 weeks of age was 1.0.
Measurement of superoxide radical (O 2 -)-scavenging and catalase activities
Measurements of O 2 --scavenging activities and catalase activities in the S-100 fraction of the kidney were assessed by measurements of chemiluminescence with luminol according to the method described by Nakano [20] with some modifications [8] . Small pieces of freshly resected rat kidney were homogenized in icecold PBS by a Mixer mill (Retsch GmbH & Co.) and centrifuged at 100,000 rpm for 60 min at 4°C. Protein concentrations of the supernatant (S-100) fraction were determined by the method of Lowry et al. [18] . Measurements of O 2 --scavenging activities were carried out as described previously [8] . Relative O 2 --scavenging activities in the S-100 fraction of the kidney were assessed by comparison with the degree of extinguishment of chemiluminescence by Cu, Zn-superoxide dismutase (SOD; Wako Chemical Co.). For measurements of catalase activities the reaction mixture was prepared by mixing the S-100 fraction (at a final concentration of 2-48 µg/ml protein) and 10 µM luminol (Wako Chemical Co.) in PBS. After 0.2 M hydrogen peroxide (Wako Chemical Co.) had been added to the reaction mixture, chemiluminescence was measured using a luminometer (Luminescencer-JNR; Atto Co.) at 37°C. Relative catalase activities in the S-100 fraction of the kidney were assessed by comparison with the degree of chemiluminescence by bovine liver catalase (Wako Chemical Co.).
Measurements of copper and iron, and metallothionein contents in the kidney
Copper and iron contents in the rat kidney were determined using a flame-type atomic absorption spectrophotometer (Perkin Elmer AAnalyst 800) as described previously [7, 8] . Metallothionein contents were measured by the modified silver saturation hemolysate method [24, 30] . Silver concentrations were measured by using an atomic absorption spectrophotometer (Variant Spectro AA-880).
Statistical analysis
All data are expressed as means ± standard deviations. Differences between means were analyzed statistically by Student's t-test. Values of P<0.05 were considered significant.
Results
Renal metal contents
No significant changes were observed in copper contents in the kidneys of WKAH rats from 4 to 18 weeks of age. There were no significant differences between renal copper contents in WKAH and LEC rats from 4 to 12 weeks of age (Fig. 1a) . Copper contents in the kidneys of LEC rats increased from 12 to 18 weeks of age and were approximately 10 to 20-fold higher than those in the kidneys of WKAH rats at 16 and 18 weeks of age. Renal copper contents in WKAH rats treated with trientine from 10 weeks of age were slightly lower than those in untreated WKAH rats from 12 to 18 weeks of age. Copper contents in kidneys of LEC rats treated with trientine from 10 weeks of age did not increase and were maintained at the same levels as those in WKAH rat kidneys from 12 to 18 weeks of age. Iron contents increased in the kidneys of WKAH and LEC rats from 4 to 16 weeks of age in an age-dependent manner, but no significant differences were found between renal iron contents in WKAH and LEC rats treated or not treated with trientine (Fig. 1b) .
DNA damage
In the comet assay, undamaged DNA remains within the core and broken DNA migrates from the core toward the anode, forming a tail like a comet. Since it has been reported that DNA damage occurs in the inner medullae but not in the cortex in normal mice kidneys [2] , we examined cellular DNA damage in the inner medullae and cortex separately by comet assays. In the case of WKAH rats, no significant differences were found in the proportions of cells without tails in comet images of renal inner medullae and cortex cells from 4-, 12-, 16-and 18-week-old rats between those treated and not treated with trientine ( Fig. 2a and b) . The proportions of renal cortex cells without tails in untreated LEC rats had dramatically decreased at 12 weeks of age, and the proportions of cells without tails in untreated LEC rats from 12 to 18 weeks of age was approximately 40-50% of those in untreated LEC rats at 4 weeks of age (Fig. 2a) . When LEC rats were treated with trientine from 10 weeks of age, the proportions of cells without tails in the cortex increased from 15 to 18 weeks of age, and the proportions of cells without tails in LEC rat cells at 18 weeks of age was the same as those in WKAH rat cells and LEC rat cells at 4 weeks of age. In contrast, no significant differences were found in the proportions of cells without tails in comet images of renal inner medulla cells from 4-, 7-, 12-, 16-and 18-week-old LEC rats between those treated and not treated with trientine (Fig. 2b) .
Since it is thought that cells with longer tails in a comet image contain more breaks in DNA, we measured the lengths of tail momentum of each renal cell. The average length of tail momentum of renal cortex cells from untreated LEC rats had increased at 12 weeks of age and was significantly longer than that in WKAH rats older than 12 weeks of age (Fig. 3a) . The average length of tail momentum of cortex cells from trientinetreated LEC rats from 10 weeks of age was decreased at 16 weeks of age compared with the average length of tail momentum of cortex cells from untreated LEC rats, and the average length of tail momentum of cortex cells from trientine-treated LEC rats from 16 to 18 weeks of age was the same as those from WKAH rat cells and LEC rat cells at 4 weeks of age. No significant differences were found in the average lengths of tail momentum of renal inner medulla cells from 4-, 7-, 12-, 16-and 18-week-old WKAH and LEC rats treated or not treated with trientine (Fig. 3b) . 
Metallothionein (MT) contents
No significant changes were found in renal MT contents in WKAH rats from 4 to 18 weeks of age treated or not treated with trientine (Fig. 4 ). There were no 
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of renal cells in the cortex (a) and inner medullae (b) from LEC rats that had been treated with trientine ( ) or not treated ( ) and from WKAH rats that had been treated with trientine ( ) or not treated ( ). The proportion of the cells without tails was normalized in such a way that the percentage of WKAH rat cells without tails at 4 weeks of age was 100%. Error bars represent SDs of mean values (n=3-4).
Fig. 3. Average lengths of tail momentum in comet images of renal cells in the cortex (a) and inner medullae (b) from LEC rats that had been treated with trientine ( ) or not treated ( ) and from WKAH rats that had been treated with trientine ( ) or not treated ( ).
The tail momentum of the comet images was also normalized in such a way that the tail momentum of WKAH rat cells at 4 weeks of age was 1.0. Error bars represent SDs of mean values (n=3-4).
significant differences between renal MT contents in WKAH and LEC rats from 4 to 8 weeks of age. MT contents in the kidneys of LEC rats increased from 12 to 18 weeks of age in an age-dependent manner and were significantly higher than those in the kidneys of WKAH rats from 12 to 18 weeks of age. No significant differences were found in MT contents in the kidneys of trientine-treated and untreated LEC rats from 12 to 18 weeks of age.
Scavenging activity of superoxide radical (O 2 -) and catalase activity
Scavenging activities of O 2 -were measured in the S-100 fraction from the kidney by measurements of chemiluminescence with luminol, and the degree of extinguishment of chemiluminescence by the S-100 fraction of rat kidney was assessed by comparison with those of Cu, Zn-SOD [8] . Although levels of relative O 2 --scavenging activity in LEC rat kidneys were slightly higher than those in WKAH rat kidneys at 4 weeks of age, no significant differences were found between the activities in WKAH and LEC rat kidneys from 7 to 16 weeks of age (Fig. 5a ). Catalase activities were also exhibited in the S-100 fraction of the kidneys as relative activities compared with the degree of chemiluminescence by catalase. No significant differences were found between the relative activities of catalase in the S-100 fraction of kidneys from WKAH and LEC rats from 4 to 8 weeks of age (Fig. 5b) . The catalase activities of LEC rat kidneys increased from 10 to 16 weeks of age in an age-dependent manner and were significantly higher than those of WKAH rat kidneys from 10 to 16 weeks of age. No significant effects of treatment with trientine on relative O 2 --scavenging activities and relative catalase activities were found in LEC and WKAH rat kidneys (Fig. 5a and b) .
Discussion
Copper content in the kidneys of LEC rats increased dramatically from 12 to 18 weeks of age and were approximately 10 to 20-fold higher than those in the kidneys of WKAH rats at 16 and 18 weeks of age. It is thought that the copper that accumulates in the LEC rat liver is released from severely damaged hepatocytes into the blood and is deposited in the kidneys [25] . It has been reported that drastic histological changes of the LEC rat liver occur around 13 or 14 weeks of age and that clinical signs and biochemical changes such as increases in serum glutamic pyruvic transaminase and glutamic oxaloacetic transaminase are observed in LEC rats from 17 to 20 weeks of age [10] . Since copper accumulation was found in kidneys of LEC rats older than 12 weeks of age, copper may be released from the liver prior to occurrence of clinical signs of hepatic injury. Since the ATP7B gene is expressed predominantly in the liver and kidney [25] , it is possible that copper is not excreted from kidney cells due to mutation of the Atp7b gene in LEC rats.
When LEC rats were treated with trientine from 10 weeks of age, renal copper contents did not increase and were maintained at the same levels as those of WKAH rat kidneys. It has been suggested that free Cu in hepatocytes is excreted in the urine in the form of trientine-Cu complex [14] . Furthermore, treatment of LEC rats with trientine inhibited the hepatocellular damage [8, 33] . It is therefore thought that accumulation of copper does not occur in trientine-treated LEC rat kidneys.
Various modified comet assays using different parameters have been developed to evaluate the extent of DNA damage [4, 21, 22] . In the present study, we used the alkaline version of the comet assay, which primarily detects single-strand breaks (SSBs) including the alkaline-labile legion of DNA [21] , and the extent of SSBs was evaluated by proportions of cells without tails and average length of tail momentum in comet images [8] . The proportions of renal cortex cells without tails in LEC rats had dramatically decreased at 12 weeks of age. The average length of tail momentum of LEC rat cells had also increased at 12 weeks of age. These results showed that SSBs of DNA had occurred in a substantial population of renal cortex cells in LEC rats around 12 weeks of age. Therefore, the present results indicate that SSBs of DNA in renal cortex cells are produced prior to occurrence of severe hepatic injury in LEC rats. We have reported that DNA damage occurred in a substantial population of hepatic cells in LEC rats around 8 weeks of age [8] . Klein et al. [13] also suggested that DNA damage occurs much earlier than the occurrence of advanced liver damage. These results suggest that free copper is present in hepatic cells prior to the occurrence of clinical signs and may be released into the blood and deposited in the kidney, resulting in DNA damage. When LEC rats were treated with trientine from 10 weeks of age, the proportions of cells without tails had increased and the average length of tail momentum had decreased in renal cortex cells at 16 weeks of age. Both the proportions of cells without tails and the average length of tail momentum in comet images of renal cortex cells from trientine-treated LEC rats from 17 to 18 weeks of age were the same as those in comet images of renal cells from WKAH rats. These results indicate that induction of SSBs of DNA is inhibited by treatment with trientine and/or that SSBs may be repaired in LEC rat renal cells during the period of treatment with trientine, since treatment of LEC rats with trientine decreased the number of DNA strand breaks observed. Kitaura et al. [12] reported that development of histological changes in LEC rat kidneys was remarkably inhibited by treatment with D-penicillamine. No histological changes were observed in kidneys of trientine-treated LEC rats at 16 weeks of age compared with kidneys of LEC rats at 4 weeks of age (data not shown). Although it has been reported that DNA damage occurs in the inner medullae but not in the cortex in normal mice kidneys [2] , DNA damage in the inner medullae was not found in the kidneys of either WKAH or LEC rats from 4 to 18 weeks of age in the present study.
Renal accumulation of copper was inhibited by treatment of LEC rats with trientine. Iron contents increased in the kidneys of WKAH and LEC rats from 4 to 16 weeks of age in an age-dependent manner, but no significant differences were found between renal iron contents in WKAH and LEC rats treated or not treated with trientine. These results suggest that DNA damage is caused mainly by copper, not by iron, although it is well known that iron can efficiently produce ROS as well as copper [11, 34] .
MT contents in the kidneys of LEC rats increased from 12 to 16 weeks of age in an age-dependent manner and were significantly higher than those in the kidneys of WKAH rats from 12 to 16 weeks of age. These results suggest that MT in LEC rat kidneys is induced mainly by copper, not by iron. Alternatively, Cu-MT complex that has accumulated in the liver may be released into the blood and be reabsorbed in the kidney [26] . MT contents in the livers of LEC rats were approximately 40-fold higher than those in the livers of WKAH rats at 4 weeks of age [8] . Hepatic MT contents increased in the livers of LEC rats from 4 to 7 weeks of age, and high levels of MT were maintained from 7 to 13 weeks of age [8] . Although MT binds to copper, and copper in a protein-binding form is much less effective for production of ROS [6] , Santon et al. [26] reported the presence of a high percentage of the oxidized form of MT in LEC rat kidneys. The oxidized form of MT is not able to bind to metal. Therefore, free copper may be present in the kidney, resulting in DNA damage to LEC rat kidney cells although high levels of MT were present in the kidneys. Furthermore, it has been reported that in contrast to the protective role of MT in the liver, MT in kidneys may be toxic because of the free heavy metal ions that are released from MT by lysozomal degradation and/or by oxidation in the proximal convoluted tubules system [3] . The reason for the high level of MT in the trientinetreated LEC rat kidney despite inhibition of copper accumulation by treatment with trientine remains unclear.
No significant differences were found between relative O 2 --scavenging activities in kidneys of WKAH and LEC rats aged 4 to 16 weeks treated or not treated with trientine. The catalase activity levels of LEC rat kidneys increased from 10 to 16 weeks of age in an age-dependent manner and were significantly higher than those of WKAH rat kidneys. These results suggest that renal copper accumulation increased catalase activities but did not increase O 2 --scavenging activities. No significant effects of treatment with trientine on relative O 2 --scavenging activities or relative catalase activities were found in LEC and WKAH rat kidneys. Therefore, it seems that changes in O 2 --scavenging activity and catalase activity are not directly associated with induction of SSBs of DNA.
The present results show that SSBs of DNA in LEC rat kidney cells are induced prior to occurrence of clinical signs of hepatic injury and that the number of SSBs dramatically decrease during the period of treatment with trientine. Our results have important implications for tissue damage other than the liver and for treatment of human Wilson's disease with an anti-copper agent.
